We propose a novel scheme of storage of intense pulses which allows a significant reduction of the storage length with respect to standard schemes. This scheme is particularly adapted to store optical information in media with fast relaxations.
I. INTRODUCTION
The propagation of two pulses in resonant interaction in a Λ-atomic medium has been widely studied during the last decade, in particular with application to quantum information processing (see, e.g., reviews [1] ). The possibility of quantum information storage in the gas phase has been demonstrated in cold atoms [2] and in hot ensembles [3] . Achieving information storage in solidstate systems, which are more attractive due to their higher density, compactness, and absence of diffusion, has been pursued [4] . The main drawbacks preventing the efficiency of storage for such solid-state materials are huge inhomogeneous broadenings and high rates of decoherence. For instance, in crystalline films doped with rareearth metals the rates of transverse relaxations amount to tens of GHz [5] . In practice an efficient storage of information requires rather large optical length such that even a weak loss rate will ruin it [6] . In order to reduce the inhomogeneous broadening, it was proposed in a number of works to use the so-called hole burning technique [7] . It has been shown that media prepared in such a way allow efficient coherent population transfer in Λ systems [8] . However, the hole burning technique faces a so far unsolved problem that leads to the reduction of the optical length of the samples, which will be detrimental in general for the efficiency of the storage.
In the present work we show that, for the storage of optical information (i.e. of classical fields), the recording length can be dramatically reduced with the use of intense pulses. The possibility to store and retrieve optical information in resonant media has mainly been studied in the "linear approximation" with respect to the so-called probe field that has to be stored, i.e. for a weak probe pulse. It was usually assumed that the control pulse propagates in a medium without pulse shape change. Numerical simulation of this problem without restrictions on the probe intensity was performed in [9] . Analytical studies of the problem taking into account the group ve- * Electronic address: gaya@ipr.sci.am locities of both pulses were performed in [10] in the limit of pulses of duration much shorter than all the relaxation times, but sufficiently long to allow adiabatic evolution during the interaction. It has been found that the length of information storage depends remarkably on the ratio between the oscillator strengths of the adjacent transitions that determine the group velocities of the pulses in a medium. The present work aims at a complete analytical study of information storage in case of arbitrary relaxation times and intensities of the probe and control fields. We show analytically and numerically that it is possible, for a proper choice of solid-state medium, to dramatically reduce the optical length needed to store intense short pulses. This would in particular make more efficient the use of the hole burning technique.
The paper is organized as follows: We first describe the model, and analyze the propagation in the adiabatic limit. We next derive the conditions of storage for short lengths of the medium, before concluding.
Level scheme diagram for a Λ-system interacting with two laser pulses.
II. THE MODEL
We consider a medium of Λ three-level atoms with two ground states |1 , |2 and a metastable excited state |3 , of energy ω i , i = 1, 2, 3, and two laser pulses referred to as the probe and control pulses, coupling the transition respectively 1 ↔ 3 and 2 ↔ 3 (see Fig. 1 ). The interaction Hamiltonian in the rotating wave approximation can be written in the basis {|1 , |2 , |3 } as
detuning, ω p (ω c ) the probe (coupling) laser frequency, Ω p,c = E p,c µ p,c / the Rabi frequencies associated to the corresponding field amplitudes E p,c and to the dipole moments µ p,c of the corresponding atomic transitions. We consider an exact two-photon resonance. The propagation of two laser pulses in the medium is described by the Maxwell equations which, in the slowlyvarying-amplitude approximation and in the moving coordinate system
(such that the original wave operator ∂/∂t + c∂/∂x becomes c∂/∂η), read [1]
Here q p,c = 2πω p,c |µ p,c | 2 N/ c are the coupling factors with N the density of atoms. The density matrix elements ρ ij are determined by the system of equations (where the dot denotes the derivative ∂/∂τ , since ∂/∂t = ∂/∂τ )
with γ 1 and γ 2 the rates of spontaneous emission from state 3 to states 1 and 2 respectively, γ c the dephasing rate between the two ground states, and Γ the transverse relaxation rate. We moreover assume pulses of durations much shorter than the characteristic time of decoherence of the ground states (usually microseconds in solids) such that γ c will be neglected. The envelopes of the fields E p,c ≡ E p,c (η, τ ), the Rabi frequencies Ω p,c ≡ Ω p,c (η, τ ), and the density matrix components ρ ij ≡ ρ ij (η, τ ) depend on the position η = x ∈ [0, L] in the medium of length L and on the time τ = t − x/c. The boundary conditions for the Maxwell equations are the pulses
given at the entrance η = x = 0 of the medium. We assume that all atoms in the medium are in state 1 before the interaction with the laser fields.
III. ADIABATIC PROPAGATION
It is well known that the use of a counterintuitive sequence of pulses in two-photon resonance, here the coupling pulse switched on before the probe pulse, leads, in the limit of slow evolution of the pulses, to an adiabatic passage along the dark state (of null eigenvalue) immune to decoherence. The system of linear equations (3) can be recast as d ds ρ(ǫs) = L(ǫs)ρ(ǫs) with L being the associated linear operator and ǫ the formal (small) adiabatic parameter (we have omitted here the dependence on η for simplification). The change of variable τ = ǫs leads to
The components of the eigenvector
In the adiabatic limit, there is thus no coherence between the ground states and the excited state, which induce no pulse distortion during the propagation [1] .
To determine non-adiabatic corrections, we make around the adiabatic solution ρ(τ ) = ρ (0) (τ ) the superadiabatic expansion:
Inserting this expansion in Eq. (4) and identifying the orders of ǫ, we obtain a system of linear equations that can be solved iteratively. For the first ordeṙ
with
Equations (9a) and (9c) show that at the first superadiabatic order the excited state stays unpopulated and that the adiabatic dynamics along the dark state is subjected to a loss of order Γ/Ω 2 T and to a pure dephasing loss of order ∆/Ω 2 T with T the characteristic time of interaction. Equations (9d) and (9e) show the transient appearance of coherences between the ground states and the excited state, which depend on the first-order nonadiabatic lossθ (and also onφ), but not on the relaxation loss. These coherences will be responsible of pulse distortion during the propagation [through the Maxwell equations (2)], which will be thus independent of the relaxation loss. Inspection of the solution (9) allows one to identify the small parameter ǫ ≪ 1 that permits the expansion (7) (at least at the first order). We get the conditions:
The two first conditions (large pulse area and small onephoton detuning) are the standard condition for adiabatic passage for a non-lossy system. The third condition can be interpreted as the requirement of a long interaction time and a large pulse area with respect to the decay of the dynamics along the dark state. This third condition shows that a fast relaxation ΓT ≫ 1 usually encounters in solids can be compensated by a strong pulse area satisfying
We have added in Eqs. (11) the well known fourth condition considering an additional decoherence as a pure dephasing of rate γ c between the two ground states. It is frequently mentioned that the first condition of adiabaticity is not required and that the control pulse may have a rectangular shape (see for instance [11] ). It is indeed shown in this Ref. [11] that in case of a rectangular control pulse an efficient storage of information is possible. However, the parameter T of the above conditions characterizes the time of interaction when the probe and the control pulses both interact, i.e. when they overlap. One can thus consider a rectangular control pulse but turned on earlier and turned off later than the probe pulse if one preserves the adiabaticity during the field overlapping.
Using the density matrix at first order (7) with (5) and (9), we can rewrite the Maxwell equations (2) as
∂ ∂η
respectively the two-photon transition strength and the group velocity, and the boundary condition
Denoting the photon fluxes (j = p, c)
Eq. (13b) can be rewritten as ∂n/∂η = 0 and interpreted as the conservation of the photon fluxes during the propagation:
(17) Note that this holds only in the limit of no population in the excited state (i.e. at the first order of the superadiabatic expansion) [10] .
The obtained system of equations coincides with that studied in detail in literature, where pulses of durations much shorter than all relaxation times were considered (see e.g. [10] ). However, the system of equations obtained in previous papers (e.g. in [12] ) is valid under condition of interaction adiabaticity ΩT ≫ 1, whereas at high relaxation rates the inequality (12) should be fulfilled. Solutions of the system of equations (13) have been obtained and studied for different regimes of propagation in a number of works (see, e.g., the review [1] ). The method of characteristics, recalled in Appendix A, allows one to determine them.
In particular, equal transition strengths q p = q c lead to a constant value Q = q p , and from Eq. (13b) to Ω independent of η, thus of shape invariance during the propagation: Ω(η, τ ) ≡ Ω 0 (t − x/c), as well as u: 
where ξ ≡ ξ(x, t) is defined by (A7) (where t should be replaced by τ = t − x/c) [12] t−x/c ξ dτ
When Ω 0 is additionally constant, the excitation propagates at constant velocity satisfying 1/u = 1/c + q p /Ω 2 0 . This propagation regime is known as adiabaton [12] .
In the more general case of unequal transition strengths, Eq. (13a) entails that the mixing angle still reads [10] θ(η, τ ) = θ(0, ξ) = θ 0 (ξ) (20) and from (14a) that Q(η, τ ) = Q(0, ξ) ≡ Q 0 (ξ) with u(η, τ ) = Q 2 0 (ξ)n 0 (τ )/N q p q c , and ξ ≡ ξ(x, t) determined from Eq. (A7) (where t should be replaced by τ = t − x/c):
Ω 2 propagates in a more complicated manner than in case of equal transition strength as Ω 2 (η, τ ) = Q 0 (ξ)n 0 (t − x/c)/N . Since Q 0 and n 0 do not propagate at the same velocity, Ω(η, τ ) is not any more shape-invariant during the propagation.
If we assume constant phases ϕ p,c at the entrance of the medium, one can conclude from Eq.(13c) that they will thus not change during the propagation. Note that this statement is only valid at the exact two-photon resonance. Evolution of the phase self-modulation for a twophoton detuning different from zero has been analyzed in [10] .
In the linear approximation (with respect to the probe field), i.e., in the first order with respect to θ, one has
We remark that in case of equal strengths of adjacent transitions q p = q c , similar expressions are obtained with Ω 2 in place of Ω 2 c . Thus, in case of equal transition strengths the nonlinearity in the probe field results in replacement of the Rabi frequency of the control field by the generalized Rabi frequency Ω 2 . The nonlinearity is more important when the adjacent transition strengths are unequal and can lead to formation of shock-wave fronts and violation of the interaction adiabaticity, as shown in [10] .
IV. EFFICIENT STORAGE
The storage of the probe pulse is achieved when its time profile is mapped into the spatial distribution of the atoms in the medium. More precisely, the probe pulse can be encoded in the spatial distribution of the angle θ 0 (ξ(x, t → +∞)) after the passage of the pulses through the medium, inducing for instance a storage in the coherence between the lower states (in the adiabatic limit):
(22) An efficient storage requires that the excitation, through θ(x, t), propagates adiabatically until it eventually stops, which necessitates a long enough medium. It is usually achieved for a strong control pulse switched on before and switched off after a weak probe. We present below a novel pulse configuration with a strong probe and a weak control that allows one to shorten significantly the length of storage. The storage requires the stopping of the ex- citation, u(x, t) = 0, for all the characteristics connected with the initial excitation at the entrance of the medium x = 0. We can estimate the length x max required to completely store the excitation from (21) using the longest characteristic, i.e. ξ → −∞ and t → ∞ [10] :
with T p and T c the duration of respectively the probe and the control, and Ω j,max ≡ max t Ω j,0 (t), j = p, c. Minimizing this quantity requires thus q < 1 and a weak probe pulse, as is well known. On the other hand, adiabaticity of the interaction is required. Criterion for this adiabaticity has been analyzed in [10] , where it has been shown that, under the certain condition adiabaticity is broken with formation of shock-wave fronts for distances exceeding the critical length x 0 estimated as
The latter approximation holds for a probe pulse of duration T p shorter than the control. This shows that reducing q to lower x max will however also shorten x 0 . Preserving adiabaticity usually requires thus a strong control pulse and an efficient storage will take place when
Through their asymmetry in Ω 2 p,max and Ω 2 c,max with respect to q, Eqs. (23) and (24) show that we can shorten x max with the use of a weak control pulse in addition to using a small q parameter, while preserving the condition of adiabaticity using a strong probe (see Fig. 2 for the pulse scheme). We have performed numerical calculations of the full set of the density-matrix and Maxwell equations for both pulses taking into account a fast relaxation ΓT p = 200. It indeed shows that the storage of the probe field in inhomogeneously broadened media is more efficient when we use atoms of different adjacent transition strengths. Fig.  3b presents the temporal evolution of the probe pulse at different propagation lengths (normalized as z ≡ xq p /Γ) for the novel scheme of the pulses at the entrance of the medium shown in Fig. 2b . The chosen parameters lead to Ω c,max T c = Ω p,max T p ≈ 44, Ω 2 c,max T c /Γ ≈ 1, and Ω 2 p,max T p /Γ ≈ 10, which satisfy the adiabatic conditions (11) and (12) at the entrance of the medium (here the time of interaction is T ∼ T p ). For the comparison we present in Fig. 3a the dynamics for the usual scheme of pulses used for the optical information storage. One can see from Figs. 3a and 3b that in the case of the novel scheme the length of information storage is dramatically reduced as compared with that of the usual case. Namely, for the novel scheme at the propagation length z of about 1 the probe pulse is completely absorbed by the medium while at the same length in the usual scheme the probe pulse remains still unabsorbed.
V. CONCLUSION
We have shown that the optical information storage of a probe in inhomogeneously broadened media of Λ atoms occurs for short medium length when strong probe pulses, weak control pulses and very different strengths of adjacent transitions are used. For such a scheme the optical length may be of the order of unity in contrast to the conventional scheme where the optical length must well exceed unity. The proposed scheme would allow one to reduce the unavoidable losses caused by decoherence. The required Λ systems with very different strengths of adjacent transitions are expected to be found in, e.g., rare-earth doped solid-state materials. Study to elaborate efficient schemes to retrieve the stored pulse in this strong regime is in progress.
APPENDIX A: CHARACTERISTICS METHOD
We briefly recall here the characteristics method (see for instance [13] ) to solve the Maxwell equation 
in the case of a non-linear group velocity of the form: u ≡ u(x, t). We want to transform this linear first order partial differential equation into an ordinary differential equation along the characteristic curves (x(s), t(s)). Using the chain rule 
which is thus a constant along the characteristics. ξ allows one to label a characteristics t(x) rewritten from Eq. (A3b) as (since s = x)
The non-linear velocity u derived from (A5):
corresponds to the instantaneous velocity along a characteristic. When u is independent of t, i.e. u ≡ u(x), one has ξ = t − x 0 dx ′ /u(x ′ ), which becomes ξ = t − x/u if u is also independent of x.
When u depends only on t, i.e. u ≡ u(t), Eq. (A3b) can be rewritten as 
